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SUMMARY

Theresultsofananalytical.ande~erimentaltivestigationofthe
steady-stateanddynsmiccharacteristicsofthreety_pesofthrottle-
controlledfuelsystemsarepresented.Thethreesystemsare[1)a
throttlewithregulatedupstreampressure,(2)a throttleplusbypass
clifferentKL-pressureregulator,and(3]a throttleplusreducing-valve
clifferential-pressureregulatorwithregulatedsupplypressure.Per-
formmceandstabilitycriteriabasedon a linearizedsmlysisarepre-
sentedforthethreesystems.

~erimentaldataforthethreesystemsshow[1)theeffectofout-
putpressureonthecontrolledflow,

!
2)theres~onseofoutputflowto

stepchangesh throttlearea,and{3 theresponseofoutputflowto a
sinusoidalvariationinthrottlearea.

&
TheexperimentalresultsshowthatMnearizedanalysisprovidesan

adequatedescriptionofthedynamicresponse.Of thethreesystems
tested,thereducing-valvesystemshowedtheclosestagreementwithline-
arizedanalysisandrespndedto thehighestfrequencies.Theresponse
ofthissystmwasadequateto 150cyclespersecondandusableto =
cyclespersecond.

Experimentalresearchon

INTRODUCTION

autm’ticcontrolof gas-turbineengines
reqpire~methodsof controlof enginefuelflowthatprovideessentisJJy
Linearflowresponseto tiputsignalsovera frequencybad extending
fromzerotoa~roximately50 cyclespersecond.Thisreportpresents
theresultsofan investigationfitothebasiccharacteristicsofthree
vsJ.ve-controlledsystemsthatmaybeutilizedforthisp

7

ose.
threesystemsare{1]a throttle{valve]witha regulatedconstant)up-
streampressure,{2)a throttlewitha regulated{constantpressurede-
ferential{bypass-typeregulator),sad(3)a throttlewitha regulated

+ pressuredifferential[reducing-valveregulator).
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Thesethreesystemsofflowcontrolarewidelykmownandhave
appliedh otherfields.However,inthepresentapplication

3445 J“

long 6.
for

gas-tuxbineengines,therequirementof anadequateflowresponseat a
50-cycle-per-secondinputsignalmakesitnecessaryto consi-tirdynamic
effectsnotoftenencounteredinpreviousapplications.An analysiswas
thereforemadeofthefactorsaffectingtheresponseofthethreesystems
at suchrelativelyhighinput-signalfrequencies.This~dJR3iS iS an
exknsionoftheanalysismadeinreference1. —

Thisreportpresentsananalysisofthesteady-stateanddynamic g
characteristicsofthethreesystems.Theprincipalfigureofmerit
usedintheanalysisisrelatedtotheeffectofoutputpressureonthe
controlledflow.Thisfigureofmerit,whichisexpressedas theratio
ofthechangeh outputpressureto theresulttigchangeinoutputflow,
iscalledtheoutput-flowimpedance.

Systemsthatexhibitthehighestvaluesofoutput-flowimpedance
yieldthemostlinearresponseofflowtothrottlemea. Expressions
arederivedthatgivetheoutput-flowimpedsaceintermsofthephysi-
caldimensionsofthesystems.Thesmly~isslsoyieldsa stability
criterionandthecharacteristictimeconskmtforoverdampedsystems.

Measurementsoftheoutput-flowimpedanceandofthetransientand
frequencyresponseofthethreesystemsarepresentedalongwiththe

●

ans2@icsUY determined frequencyresponses.Theinvestigationwascon-
duct~dattheNACALewislaboratory.
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Thefollowingsyibols

area}sq in.

fluidbulkmodulus,

SYMBOLS

areusedinthisreport:

lb/sqin.

,.

. —

dimensionalconstantinorificeequation,Sq in./secfi

springconstant,lb/ta.

mass,(lb)(sec2)/ti.

pressure,lb/sqh.

pressuredifferenceacrossthrottle,lb/sqti.

flow,cu ti.[see
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v conduitVOhlRE, CU h .

3

“

w widthofvalve

x sxialposition

6 dampingratio

w T the Co?xrklt,
mPW

Subscripts:

Qort,in.

ofpistm andvalveeknent,in.

sec

c cunibustionchamber

c compressibility

d drab

r regdated
&

s supply

t throttle

v controlvalve

DESCRIF’ZIONANDANALYSISOF SYSTEMS

b thissectionthreesystemswiU be discussed:(1)a throttle
witha regulatedupstresmpressure,(2)a throttleplusrelief-valve
clifferential-pressuxeregulator,and(3]a throttleplusreducing-valve
clifferentisl-pressureregulatortithregulatedsupplypr=wm. me
threesystemswillbe examinedwithrespectto theirabilitytomain-
taintheiroutputflowas a functiononlyofthethrottlesetting
(independentofvariationsintheoutputpressure).Thisconstant-flow
chsracteristiccorrespondsinelectricalanalo~to a generatorwith
highinternslresistsmceor,forthea-ccase,highinternalkpedsnce.
Becausetheinternalimpedanceismostoftenmeasuredby vsryingthe.
externalload-, ithasbecomecomnonpracticeto callittheoutput
impedance.Theoutputhcpedancefortheflow-controlsystemsishereti

d

.
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*

definedastheratioof\hechangeinoutpitpressureto thechangeh
—

output
canbe
quency
canbe

flow m#Qo. Thefrequencybandoverwhichtheoutput&edance *
matitainedat itszero-frequencyvalue
bsndoverwhichtheresponseofoutput
maintained.

is indicatedby thefre-
flowto throttlevariations

ThrottleSystem

Descriptionofpystem.-A generalarrangementofa throttle-control
systemwitha regqJ+tedsupplypressurefeedinganenginefuelsystemis i
shownh figurel(a). h thefigurea ccmmonmethodof obtainingthe
regulatedsupplypressureisshown.This8ystemconsistsofa positive
displacementpump,a spring-loadedreliefv&Lve,andan accumulator.The
pressure-flowcharacteristicsofthissystemareshownin figurel(b).
Thedroopshownb thesupplypressure(fig.l(b))istypicalofthat
obtainedfromre&d.atorssuchas theoneshowmh figurel(a). The
nozzle-systempressureshownistypicalofa classofengtienozzle
systems.

Zero-frequencyoutputimpedsuce.- Theequationforoutputimpedance
forthissystemis (seeappendixforderivationofthisandsubsequent
equations)

Do 2(PS- PO)
q= Q.

Inviewofthecharacteristicpressurevariationsshowninfigurel(b),
equation(2]showsthattheoutputimpedancedecreasesas thesystem
flowticreases.~creasedflowis obtainedat izlcreasedthrottleposi-
tions(increasedthrottleareas”).Thus,outputimpedanceisdecreased
asthethrottleareaisincreased.Thiseffectisshowninfigwe l(c),
wherelinesof constantthrottlepositionareplottedonthepressure-
flowplane.Theslopeofa constsmt-throttle-positioncurveat any
pointistheoutputimpedanceatthatpoint.Equation(l)(appendi%)
indicatesthata givenvalueofoutputimpedancecsmbe obtainedby
maintaintigtheswpplypressmesufficientlyabovetheoutputpressure.

Dynamiccharacteristics.- Ifthecompressibilityandmassofthe
fluidinthesystemerenotconsidered,theoutputflowisequalto the
flowthroughthethrottleatallthrottle-variationfrequencies.There-
fore,ifthesupplypressureismatitatiedconstantat sllthrottle-
variationfrequencies}thewtp~t ~edance iS ~dependentofthe
throttle-variationfrequency.However,inthepracticalcasecoWress-
ibilityofthefluidh theconduitbetweenthethrottleandthesystem
dischargeorifice(enginenozzlesystem)causesa lagintheresponseof
outputflowto a changeinthrottleposition.Thiseffectmsnifests

.
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itselfas a reductionofoutput
● equationforthecharacteristic

is

5

impedanceathighfrequencies.The
the constantthatdeftiesthiseffect

It is apparentfromequation(75)thathigh-performance.systems
(charactertiedbyhighval.uesof zero-frequencyoutputimpedanceAFJ’~
andsmallvaluesoftimeconstant‘c)canbe obtatiedonlywithsmall
valuesoftheconduitvolumeV andhighvaluesofthesupplypressure
Ps.

BypassSystem

Descriptionof system.- A generalarrangementofa throttlewith
a bypassregulator,whichcontrolsthepressuredifferenceacrossthe
throttleby diversionoftheexcessflowbackto thepumpinlet,is
showminfigureZ(a).Theactionoftheregulatoris suchthattheup-
stresmthrottlepressure(pumpdischargepressure)isequalto thesum

* oftheoutputpressureandthespr~ bias. Consequently,thepressure
dropacrossthethrottleisthespringbias. Thesecharacteristicsare

A showngraphicallyinfigureZ(b),which
pressureswithknthesystemwithoutput

Zero-frequencyoutputimpedance.-
impedfmceofthissystemis

illustratesthevariationof
flow.

Theequationfortheoutput-flow

(19}

Fora given
withoutput
valueof QC

regulatorwithfixeddesignparsmsters,theimpedancevaries
pressurePm andflow Q.. Thedenominatorhasa nEAximm—

)= Qd2 aiiisequalto
numem.torisdependenton Po,which
atorticreasesa~roximatelyss Q.
tallyinfigure2(c),whereMea of

plottedonthepressure-flowplane.

;eroat Q.=.0 and Q.= ~. The
increaseswith Q~. Thusthenumer-
Theseeffectsareshowngraphi-
constantthrottlepositionare

SWTheterm ~ isthedesign

Parameteroftheregulator.It ispossibleto de;ia theregulatorso
thatthistemnbecomeslargeenoughtoX thevariationsof @edance

m with P. and Q. ofnopracticalsignificance.Thelimitationonthe
maximumvalueofthistermisdiscussedb thefollowtigsection.

a
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Dynamiccharacteristics.- Ifthebypassareacouldat everyinstant _
havea valuesuchthatthepressuredropacrossthethrottlewerecon- .—
stintregardlessoftherapidityofthrottlemovement,theresponseof
throttleflowtothrottlepositionwouldbe instantaneous.However,the
areaofthebypassvalveisadjustedby a pistonwhich,iamovingin
responsetopressurechsnges,pumpsa flowfromonesideofthethrottle
to theother.Thiseffectcausesa lagintheresponseof outputflow
toa chsngeinthrottlepositionanda lagh correctingtheoutputflow
fora disturbanceinoutputpressure.Thelattereffectmanifestsitself
as a reductionof outputimpedanceathighfrequencies.If themassof
thepistonandvalveissmall,theresponseofvalvemovementtopressure i
canbe describedby a first-ordersystem.Sucha systemis completely
describedbya timecons-t. Whenthepistonandvalvehaveappreciable
mass,theresponseisapproximatelysecondorder.Thesignificanceof
thepistonandvalvemassontheresponseofthesystemcanbe evaluated
by examinationofthedampingratioofthesystem.

this
Theequationsfortimeconstant
systemare

anddampingratio,respectively,of

‘“+~o’’t-’(’o’c~(+~]]-]]’62)
—

l-t( ‘o - PC

)( )
%

po+’t-pd ~ -1

8=
2MwD[~(Pc- ‘d)+~(Po +I?t- ‘J1

J$%(’o+Pt -Pal)@

(59)

Anexaminationofequation(59)indicatesthattherelationofdamping
ratiotopressuresadflowisquitecomplex.It doesnotaypearprac-
ticaltoutilizethedaqingratiointheusualdesignsenseforsecond-
ordersystems{i.e.,5 = 0.7)Zbecamethesyst~ iSnotre&U~ eno@
to relyonresonaaceforimprovingthesystemresponse.Zn orderto
extendtheusableamplituderesponseofa first-ordersystemtoa fre-
quencycorrespondingtotheusableamplituderesponseofa 0.7dmrped
second-ordersystem,itisnecessaryta designa systemonthebasisof
a smallervalueoftimeconstant(eq.(62))anda sufficientlyhigh
valueofdampingratioto ensurea substantiallyfirst-orderresponse.
Examinationofequations(62)and(59)showsthatthisconditioncan
onlybe achievedthroughtheuseofverylight-weightvalveelements.
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Equation(62) showsthatsmallvaluesoftimeconstantareobtained
. throughthecombinationof smallvaluesofpistonarea ~, largevalve

widthsw, largethrottlepressuretiopsPt,andhighoutputpressures
P.. It shouldalsobe notedthattheindependentvariable,pumpflow
~, affects thettieconstant.In ordertokeepthetimeconstantsmall,
thepumpshouldnotbe anylargerthsmnecessaryto supplythemaximum
desiredoutputflow.

Theprecedinganalysisdoesnottakeintoaccounttheeffectof
fluidcompressibil.ityintheconduitbetweenthethrottleandthesystem
dischargeorifice.However,h mostinstallationstheconnect@-line
geometryisof suchcomplexnaturethat,whena campressibilityeffectof
si@ficantmagnitudeexists,thereislittleinteractionwiththemotion
ofthebypassvalve.Thecompressibilityeffectthenappearsasa lag
h serieswiththelagintroducedby thebypassvalve.Ifthecompress-
ibilityeffect-isof si~ificmtmagnitude,theeffectti be apptient
atfrequenciesbelowthebreakfrequencydeterminedlyequation(62).
Belowthisfrequencytheoutputimpedanceofthebypasssystemisessen-
tiallyinfinite,sndthetimeconstantoftheconduitisdeterminedby
thefluidcompressibilitysmdtheflowresistanceofthedischargeori-
ficeofthesystem.Theequationforthisttieconstantis

2V{P0- P(J
‘cc= BQO (77)

Fluidcompressibilityintheconduitbetweenthepuqpandtheb~ss
linereducesthedau@ngeffecttitroducedby theconstant-flowpump.
Thepumpshouldthereforebe locatedas closeaspossibleto thebypass
valve,andtheconduitshouldbe shortandrigid.

Reductig-ValveSystem

Descriptionof system.-A generalarrangementofa throttletith
a reducing-valveregulatorthatcontrolsthepressuredifferenceacross
thetbottleby reducingthepressuretothethrottleis showntifigure
3(a).Theactionoftheregulatorissuchthattheupstresmthrottle
pressweisequaltothesw oftheoutputpressureandthesprtigbias.
Consequently,thepressuredropacrossthethrottleisthesprhgbias.
Thedifferencebetweenupstreamthrottlepressureandsupplypressure
isthedropacrossthereducingvalve.Thesecharacteristicsareshown
graphicallyh figure3(b),whichillustratesthevariationofpressuxes
withinthesystemwithoutputflow.

Zero-frequencyoutputimpedance.- Theequationfortheoutput-flow
Qedance ofthissYst~ is
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(12)

Fora givenregulatorwithfixeddesignparameters,theoutputhnpedance
varieswithoutputpressureP. andflow‘~. Itw be seenfrom
eqmtion(12)thattheimpedancereducesmpidlyastheoutputpressure
P. approaches(PS- Pt). It shouldbenoted,however,thattheimped-
ancedoesnotbecomezerobutbecomesequal.totheeqqivakntthrottle
impedancecurveatthepointatwhichthereducingvalvereachesits
limitingarea. Theseeffectsareshowngraphicallyh figure3(c)}
wherelinesof constsntthrottlepositionareplottedonthepressure-
flowpl.me.The@edance maybe matitatiedata sufficientlyhigh
valueby setttigthesupplypressuxePs at a highvaluerelativeto

*W isthedesignps.ruteroftheoutputpressurePo. Theterm ~
theregulator.Althoughtheimpe-ce ~ be raisedbyproperchoice
ofvaluesforthisterm,therangeofvaluesislimitedby dynamiccon-
siderationsas showninthefollowingsection.

Dynsmiccharacteristics.- h thecaseofthereducing-valvesystem,
thepumping-actionandmasseffectsofthepistonandvalvearesimilar
to theeffectsdescribedinrelationtothebypasssystem.Theequations
forthetimeconstautanddampingratio,respectively,ofthissystemare

and --

f?

.

“ii’

-
s t-o

P. - Pc

(40)

Thediscussionconcerningtherelationofthedau@ngratioto there-
sponseofthebypasssystemalsoap&liestothissystem.Thus,high-
performsmcesystemsrequirethewe oflight-weightpistonandvalve
parts. Theeffectofpistonarea ~ andvalvewidth w onthetime
constantisthesameas thatforthebypasstype;however,inthecase
ofthereducing-valvesystemthethrottlepressuredropandoutputpres-
surehavetheoppositeeffect.Eqmtion{43)tidicatesthatthetime
constantisreducedby settingthesupplypressurePs ashighas
possible.
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Theeffectoffluidc~ressibilityintheconduitbetweenthe
throttleandthesystemdischargeorificeisthesameastheeffect
describedinthecaseofthebypasssystem.However,tithecaseof
thereducing-valvesystemtherequirementofa relativelyclosepump
locationiseliminatedbecauseoftheuseofa regulatedsupplypres-
surewhichentailstheuseofanaccumulator.Thisaccunnil.atorshould
be locatedasnearthereductigvalveaspossibleandshouldhavea
shortconnectinglinewithas largea diameteraspracticabletomini-
mizetheinductiveeffectbetweentheaccumulatorandvalve.

PmmAL CONSTANTSOF SISTEMS
.

Datawereobtainedon systemsconforndngtotheschematicsoffig-
ures2 and3. Thephysicalconstantsofthesesystanswereas follows:

%
,@qti. . . . . . . . . . . . . . . . . . . . . . .*. . .

w, in.
K,lb@.” : : : : : ::: : : : : : : : : :: : ::: : : : :

[
Mbypass type),@b){sec2)in. . . . . . . . . . . . . . . .

4M reducfigtype),(lb)[sec)/h. . . . . . . . . . . . . . .
PC,lb/sqin. . . . . . . . . . . . . . . . . . . . . . . . .
Pd,lb~sqti. . . . . . . . . . . . . . . . . . . . . . . . .
PO,lb[sqti. . . . . . . . . . . . . . . . . . . . . . . .
Ps,lb/sqti. . . . . . . . . . . . . ... ... . . . . . . . .
Pt,lb~sqh.
~,cuti./sec::::.*=*=”’”*** . . . . . . ..O. . . . . . . . . . . . . . . . . . ● .
Qo,cuti./sec. . . . . . . . . . . . . . . . . . . . . . . .

. 0.686

. . 1.0
68

i9;xio-6
21OX1O-6
. . . 0
. . 60
oto 300
. . 600
. . 100
. . . m
O to 60

Thevalueof D forthefluidusedwasappr~tely 100sqti./sec~.
Theviscosityofthefluidwas1 centipoise.

PROCEDUREANDmsm~oN

Thetwofunctionsof Interestinthedeterminationofthedynamics
oftheseunitswerethetransferfunctionsofthrottlepositionto ti-
putsignalandfuelflowto throttleposition.Thethrottlewasposi-
tionedby an electrohydrsmlicservomotorrespmdingtoan tiputvoltage.
Theservomotorsystemconsistedofa cmmaercialelectricallyoperated
servovalve,a pistonimtegralwiththethrottleshaft,anda differentisJ--
transformerthrottle-positionpiclmp.

Thefrequencyresponseofthethrottleservanotorsystemis shown
infigure4. Up to anam@itude~f0.025inch(or10percentofmax.
stroke),theresponsecanbe maintainedlevelto 100cyclespersecond
by adjustmentoftheinput-voltageamplitude.At mxhm amplitude
(0.25in.orlOOpercentofmax.stroke),theresponsecanbe maintained
levelto 35 cyclespersecond.
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Thethrottlepositionwasmeasuredby thedifferential-transformer
displacementpickupincorporatedintheservomotorsystemwhichuseda
5000-cycle-per-secondcarrier.Withthiscarrierfrequency,thefre-
quencyresponseofthedispbcementyickupisflatto overMx3cycles
persecond.

Changesb flowwereindicatedbymeasuringthepressuredifference
acrossan orificeat theoutletofthecontrol.Becausetheorificedis-
chargedintoatmosphericpressure,onlythepressureupstreamofthe
orificeP. wasmeasured.Thus,theresponseof outputflow ~ to
throttlepositionbecomesa functionoftheresponseofoutputpressure
P. to throttleposition.

.

Thepressurepickupusedwasa flush-diaphra~type,whichwas
mountedwiththediaphragmintheflotigstreamto avoidanylineef-
fects.Theresponseofthisunitextendsto1000cyclespersecond.
Thevoltagesresultingfromthepositionandpressurepickupswereob-
servedandrecordedtogetherwithInputvoltageona cathod~-rayoscil-
loscopeamdan oscillogyaph.Thefrequencyresponseoftheoscill.ograph‘
extendsto 300cyclespersecond.

Thesteady-statemeasurementsofoutputflowasa fuactionof out-
putpressureat constantthrottlepositionsweremadeby varytigthe
outputrestriction.

4-
Theresultingpressuresmdflowvariationswere

measuredwithpressuregagesandrotameters.Multipleunitswereused
sothatthemaximuminstrumenterrorwask3 percent.A photographof
thefuel-controlunitandassociatedtestcomponentsisshownin

s

figure5.

Frequency-responserunsfrcm1 to100cyclespersecondweremade
ata numberofsteady-statefuel-flowlevelsandflowamplitudes.Trsa-
sientresponseswerealsoobservedat a numberof steady-state fuelflows
andstepamplitudes.

RESULTSANDDISCUSSION

ThrottleSystem

Thetransientresponse,thefrequencyresponse,andthepressure-
flowcharacteristicsofthethrottlesystemareshowninfigure6. A
typicalresponseofpressure(flow)to throttlepositionisshownin
figure6(a).TherecordingdoesnotshowanyperceptibleJagbetween
pressureandthrottleposition.Thefrequencyresponseofthethrottle
systemIsshowninfigure6(b).Thesedatashowanattenuationathigh
frequenciessubstsutiallyaspredictedbytheanalysisofthecompress-
ibilityeffect.Theaveragebreakfrequencyisabout80cyclesper
second.Thetheoreticalbreakfrequency,calculatedby meansof

,
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equation(75)~correspondstothe~-cycle-per-secondvaluefora bulk
. modulusof100,000poundspersqwe inch. ~iS W&l ofbulkmodulus

Fisabouthalfthevalueusuallyfoundinliquidsoft e typeused;how-
ever,thelowervalueispossibletiviewoftheprobabilitythaten=
trainedairandvaporarereleasedby thehighthrottlepressuredrop.
Thedataalsoindicatea resonanceinthesystemata frequencybeyond
300cyclespersecond.Thisresonanceappearstobe causedby the3n-
ductiveeffectofthefluidatthethroatofthedischargeorificein

o co?ibtitionwithcompressibilityofthefluidbetweenthethrottlesnd
~ thedischargeorifice.

Theslopeofa constazrt-throttle-positionlineh figure6(c)isthe
outputimpedanceofthethrottlesystematthatpointandillustratesthe
reasonwhya throttlesystemisunsatisfactoryin systemswherethenoz-
zleoutputpressureissubjecttovariations.At a flowof600Qpounds
yerhouranda msrdfoldpressureof 300poundspersquareinch,a chsmge
innozzleoutputpressm of1 poundpersqure inchwillcausea flow
changeofabout10

A changeswithinlet
%9
y

~L-h Thetrsmsient
acteristicsofthe
pressure(flow)to

poundsperhour. ‘lhisqystemisalsosubjectto flow
pressurevariations.

BypassSystem

response,frequencyresponse,sadpressure-flowchar-
bypasssystemareshowninfigure7. Theresponseof
throttlepositiomshownin figure7(a)fora particu-

. W valueof steady-stateflowandtransientsmplitudeistypicalof
thetransientresponsefora widerangeofsteady-stateflowsandtran-
sientamplitudes.Thefrequencyresponseofthebypasscoutrolshownin
figure?(b)fora nuniberof steady-stateflowsendamplitudesindicates
a rangeofbreakfrequenciesofabout2Sto 50cyclespersecond.This
compareswitha theoreticalrangeoffirst-orderbreakfrequenciesof
60to 250cyclespersecond.

Thesteady-stateoutput@edance is tidicatedinfigure7(c).The
valuesof impedancetivol.vedaretoohightomakeanyquantitativecom-
prisonwithcalculatedvalues.A ccxuparimnoff@res 7[c]~d 6(c)
showsthatthebypasscontrolsystemhasan output
timesashighasthethrottlesystematthehigher
fallsoffindirectproportiontothereductionof
frequency(fig.7[b)).

Reducing-ValveSystem

@e@ce about100
flows. Theimpedance
amplituderatiowith

% Thetransientresponse,frequencyresponse,andpressure-flowchar-
acteristicsofthereduc

Y
-valvesystemareshowninfigure8. !lhe

responseofpressure(flowto throttlepositionshowninfigure8(a)
*
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fora particularvalueofsteady-stateflowandtransientamplitudeis
typicalofthetr

T
ientresponsefora widersmgeofsteady-stateflows

sadtransientsmpliudes.Thefrequencyresponseshowninfigure8(b)
fora numberof steady-stateflowsandamplitudesindicatesbreakfre-
quenciesofabout150cyclespersecondsadsignificantoutputamplitude
at 300cyclespersecond.Thisresponseisincloseagreementwiththe
valuesindicatedby theltiearizedanalysis.Thephaseshiftshows
morethana 45°lagat150cyclespersecond.Thissituationmightbe
expectedbecausethecalculatedvaluesofdampingratiogivevaluesof
approxhnatelyunity.Theindicationofsteady-stateoutputimpedanceis
shownh figure8(c).Forallpracticalpurposestheslopeofthese
curvesin.theusablersmgeis infjnite.

s

..

CONCLUDINGREMARKS

Theadditionofa differential-pressure-regulattigvalveelemnt
to a throttlesystemresultsina systemh whichtheoutputflowis
essentiallyindependentofoutputpressure(highoutputimpedance]and
isa functiononlyofthrottleposition.By theuseoflight-weight
andproperlysizedvalveelements,thesecharacteristicscanbemati-
tahed foroutput-pressure-variationorthrottle-variationfrequencies
ashighas100cyclespersecond.

+
Thedifferential-pressure-regulatingvalvemaybe eitherthebypass

orreducing-valvetype.Theselectionofthetypeofregulationwill
dependonthesysteminwhichitis installed.Thebypasssystemhas .
theadvantageofactingas thereliefvalveforthesystem.Ithasthe
disadvantageofrequiringa relativelycloselocationofthepumptothe
controlunitandtothesysteminordertokeepthestraycapacitancein
thesystemlowad presenethe.response.Thereducing-valvesystemhas
theadvantageofallowinga remotepumplocationbutrequirestheuseof
additionalcomponentstithesystem{reliefvalveandaccumulator).

Theqerimentalresultsshowthatltiearizedanalysisprovidesan
adeqyatedescriptionofthesystemdynsmicresponse.Of thethreesystems
tested,thereducing-valvesystemshowedclosestagreementwithltiear-
izedanalysisandrespondedtothehighestfrequencies.Theresponseof
thissystemwasadeqyateto 150cyclespersecondandusableto 300
cyclesperseccmd.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,February9,1955
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APPENDIX- DERIVATIONOFEQUAYIONS

. Zero-frequencyoutputimpedanceofthrottlesystem[fig.1].- In
steadystatetheoutputflowisequalto theflowthroughthethrottle.
Theoutputflowcsnthenbeexpressedb termsofthethrottleareasad
tinepressuredropacrossthethrottleas

% “ %{% - PO] (1)

Differentiatingeqpation(1)withrespectto ~ endmakingsuitable
substitutionsyieldtheoutputinrpedsmceat zerofrequency:

APO 2(PS- PO)

<= Q.

Zero-frequencyoutputimpedanceofreductig-val.vesystem{fig.3 . -
Forthecaseofregulationwithsmallloaderror,thesteady-statedevi-
ationoftheregulatedpressuredifferenceacrossthethrottlethat
correspondsto a changeinvalveareais

b
Thecorresponding

.

deviationh outputflowis

dQo
%=q%

(3)

Thesteady-stateoutputflowmaybe expressedas

%“%+%
If changesin Q. thataresmallcompared
sreconsidered,equation[5)yields

dQo ~
q ‘q

(5)

withthesteady-statevslue

(6]

Thesteady-stateoutputflowmsybe e~ressedbya secondequation

Eqmti.on(7)yields

(8)
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Fromequation[8),

A&=v
QoAPr

2D(P~- Pr}
3j2

WACATN3445

(9)

Thechangein Pr and P. willbe largecomparedwiththedeviation
of Pt;hence,therelation

&Pr=APo+APt

yields

ZIPr= APo

Combimingequations(3),(4),(6),(9),and(10)gives

APo Pr]312
q“- ~Q:

or

APO =~wD(Ps -Pt - po}3/2—=.
40 ~Qz

o
.

inc&trol-vaLveareais

Thesteady-stateflowthroughthecontrolvalve

If changesin ~ thataresmallcomparedwith
areconsidered,equation(14)yields

LiPr 2D(Pr- Pd)3/2

T“- Qv

Zero-frequencyoutput5mpedanceofbypasssystem(fig.2 . - Forthe
caseofregulationwithsmallloaderror,thesteady-statedeviationof
thepressuredifferenceacrossthethrottlecorrespondingto a change

is

thesteady-statevalue

(15)



NACATN 3445
1

15

Fromequation(15),
●

%=- % =pmr
2D(Pr- Pd)

Thechangein Pr sad P. willbe largecomparedwiththedeviaticm
of Pt;hence .

APr= APo

Equtions(4)and(6)applywithoutchange;therefore,ccmbtiingequa-
tions(4},(6),(13),(15),and(17)yields

C20 4P& wD(Pr- Pal)@
q=- %Qo

or

APo 4P&wD(Po + Pt - pd)3/2
q=- KQJ% - QCJ {19}

-c -aCteri6ticSofreduc@-valve system(fig.3).- If
smalldistucbaacesareconsidered,theimstsataneousdeviationofregu-
latedpressurefrcxnsteadystatemaybewrittenintermsofthreeprin-
cipaleqwtions.Oneequationobtatiedfromthesteady-stateflow
relationsis

A secondequationwhichexpressestheeffectofthecontrolvalveonthe
regulatedpressureis

Thethirdequation,expressbgtheforceeqflibrium{neglectingdrag
andchangeh sprtigload),is
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Theequilibriumofflowintoandoutof chaniberA (fig.3) is

q+~-AQ&o

Theequilibriumofflow”intoandoutof chsmiberB (fig.3) is

@o-% -@t=o
Notingthat

% =-w&

then

Combiningequations(20)and{24)yields

EliminatingAl?rbetweenequations{22)ad (28)gives

Substitutingequation{29)into

[
‘r=i 1+

Combintigequations~21j,(27],

equation{22]gives

1()&%’(&+l?q
a

and(30) yields

(30)
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.

%= M()2 aPr

‘p ~k

.

1

.

m
in
P Fromequations(23)0

-1-

.

()dpo~

( )(dpr
q

s.nd(24),

% %
-1--

()apr% Av

t

w—

% Jo

L!Qo-q=o

Substitutingequatims (29)sml(31)intoequation(32)yields

1 1 +
()dpo“q

()W’rq

1
+ dl?r

1
()q

.

%

[

+1-

()
[ If2%Wt—~() %dt=0

g o
&

Frcmequation[33),thesystemdampingratiois

[

1-

(33}

(34)

h
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Evaluatingthederivativesgivesthefol.lobg

()

dp~ 2Pt
q ‘q

()Cm. 2(P0- Pc)
~= Q.

() 2[P~- Pr)

2%=- Qo

()bPr 2D(P~- Pr)3[2

K
a

Q.
QV

NACAm 3445

relations:

a

.

Substituttigthederivativesintoequation(34)yieldii

P - Pc
l+po-p

b= s r
,

II2MwDQo(P~- Pc)A~t(ps - pr)
1/2

Noting that Pr* P.+ Pt,equation(39}becomes

P. - Pc
1+

Ps -Pt-Po

Inthecaseoftheoverdampedregulatorinwhich

(39)

.
.-

f

equation(33)reducesto A

.
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.

[

1- ()dPoq

()apr=v4 1 1y%?=0 {41)

Fromequation{41)thecharacteristicthe constantofthesystemis

L-(%)%.
Substitutingthederivativetitoequation(42}gives

‘== {43)

s t-o

Inthemasslesscasethereisno transientvariationof ~; therefore
eqwtion(24)reducesto

ao=~ (44)

Henceinthecaseofthemasslesspiston,theoutputflowlagsthe
throttleositiontitha responsecharacterizedby thetimeconstantT
(eq.(43)T.

Dynamiccharacteristicsofby-passsystem(fig.2).- Considertig
an ideal(leakless}pum&,theequationsdefinhgthetitantaneousdevia-
tionoftheregulatedpressurefromsteadystateareidenticalwith
thosepreviouslywrittenforthereducing-valvesystem[eqs.(20),{21),
and(22)].

Theequilibriumofflowintoandoutof chsmberA {fig.2] is

*+ f!L$+L!L&=o (45)

Theequilibrimnofflowintosndoutof chaniberB [fig.2) is

~-~.~.o ~46]
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.

Iu thecaseofthebypasssystem,

q..

Eence,

Combiningequations(20)smd(46)yields

Elimtiattig 4Fr betweenequations(22)and

()dPrq%

(49)gives

%

Substitutingequation(50)intoequation(49)gives

r
1+l-t‘r=%

Combiningequations(21), (48),

.

% ()Lie.+q

and(51)yields

%

NACATN 3445

(47) “

.

(51)

Fromequations(45)and(46)

AQo+q=o (53)
.

.
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x.
Ehibstitutingequations(50)and(52)intoequation(53)yields

*

{

t (:)
A’v

.

L

.

+-
()dpo-q

()dpr%
.

.

‘%‘

.

L+

%
dt=O

Fromequation(54),thesystemdampingratiois

()dpo -
q

()2~v

.

2!1

QP-

EvaluatingthederivatIvesandnotingthat ~ = ~ - Q. give

apr
o

2(Pr- Pa)

K~= %-Q* {56)

aPr

()

-2D(Pr- pd)3/2
q= ~-Q.

(57)

QV
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Substituttigequations(35),(36),(56),and(57)intoequation(55)
gives

or

Inthecaseofthe.overdmpedsysteminwhich

equation(54)reducesto

[]

( )dPo
~.

l+-aPr %-

()q Av

%

T=

(59)

Fromequation(60)thecharacteristictimeconstantofthesystemis

9?
w (61)

●

✎
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.
Substitutingthederivativesintoequation(61)gives

‘=+~o+’.-’d’’’o-’c]]~-]]“z)
fithemasslessca6ethereisno trsmsientvariationin ~; therefore
equation(46)reducesto

40 = %
(63)

Henceh themasslesscasetheoutputflowlagsthethrottleposition
witha responsecharacterizedby thetimeconstantz (eq.(62]).

Compressibilitytti constantofthrottlesystem(fig.1).- If
smalldisturbancesareconsidered,theinstmtaaeousdeviationofthe
outputpressurefromsteadystateintheconduitbetweenthethrottle
&d thedischargeorificeisdefinedby thefollowhgindependent
equations:

Thechsngeinvolume
follo~g relation:

~ou+v
dV isrelatedto the

J’tdV= &Jcdt
o

Henceequation(66)maybe writtenas

tAPO..+f ~cdt
o

(65)

(66)

compressibilityflowby the

Theequilibriumof flowtitosndout‘-the

q-ac-mo=

conduitiS

o

(68)

{69)
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Combiningequations
thefol.lowingform:

where

NACATN 3445
*

(64),(65),(66),aud(69)yieldssa equationof
m

[1

, (%j(~
‘c“(%-)’(%)

Evaluatingthederivativesgivesthefollowingrelations:

dPo
q=

Cwo
q=

Substitutingthederivativesinto

2V{P8

2(PS- PO)
Q.

2(P0- PC}
Q.

equation(71)gives

- Po)(pn- Pfl)

Substituttigeqwtion(2)intoequation(74)yieldsthefoil.owimg:

()L!Poq ‘J
‘c = (P,- PC)B

(72)

(73]

(74)

Compressibilitytimeconstantofbypassandreduc@-valve systems
(figs.2 and3J.- Basedontheassumptionthatfluidcompressibilityin
theconduitbetweenthethrottleandthedischargeorificedoesnot
affectthemotionofthebypassvalve(orreducingvalve),theequations
ofthedynsmicequilibriumh theconduitarethesaineasthoseinthe
caseofthethrottlesystem.At frequenciesbelowthebreakfrequency,
definedby thecharacteristictimeconstantof thebypasssystem(or
reductig-valvesystem),theeffectivevalueofthederivativedpdd~
isthevalueofthezero-frequencyoutputimpedance.Inthiscasethe
valueof dPo/dQtmaybe consideredtobe ~inite, andequation(71}
reducesto

?

.
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Substituttigequation(73)intoequation{76)gives

2V(P0- Pc)
‘c = m.

25

(77)
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Figure2. - Schematicdiagramandbasiccharacteristicsof throttleplusbypass
differential-pressureregulator.
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Transientresponse.Initialfuelflow,2000
po~ds perhourjfinalfuelflow,2500po~ds
perhour.

Figure8. - Throttleplusreducing-valvesystem.
.
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